The effects of the calculated photostationary state of phytochrome (+¢) and the photon fluence rate on the elongation growth of It is clear that in light-grown plants ofcertain species, including cucumber seedlings, photocontrol of hypocotyl and stem elongation is exerted by a specific BL3 photoreceptor and by phytochrome (5, 7, 12, 25, 26) . In the case ofgreen cucumber seedlings, several features ofphotocontrol by a BL photoreceptor have been described, for example the action kinetics, the fluence-rate dependency, and the interaction with phytochrome (1, 7-9). Several aspects of control through phytochrome are also known, including the effect of prolonged irradiation with red light, the kinetics of action of the pigment, and photoperception by both hypocotyl and cotyledons (4, 7). As far as control by the fluence rate of white light is concerned, it is probable that elongation responses of the light-grown cucumber hypocotyl are governed, at least partially, by a BL photoreceptor (7, 8, 10 ), but it is not yet clear to what extent phytochrome also participates; nor do we know how far differences in phytochrome photoequilibria are involved in control by the light environment. In the case ofstems of several other species, it is well known that growth rates are controlled by both the photostationary state ofphytochrome and by fluence rate (8, 12, 13, 20, 24) . However, such examinations of the responses to these photobiological parameters have been performed using either: (a) light sources with no particular regard to the effect of the BL component (6, 12, 17, 19, 20, 24) ; or (b) a species (Sinapis alba), the hypocotyl of which, when de-'Supported by the SERC and the Royal Society.
It is clear that in light-grown plants ofcertain species, including cucumber seedlings, photocontrol of hypocotyl and stem elongation is exerted by a specific BL3 photoreceptor and by phytochrome (5, 7, 12, 25, 26) . In the case ofgreen cucumber seedlings, several features ofphotocontrol by a BL photoreceptor have been described, for example the action kinetics, the fluence-rate de- pendency, and the interaction with phytochrome (1, (7) (8) (9) . Several aspects of control through phytochrome are also known, including the effect of prolonged irradiation with red light, the kinetics of action of the pigment, and photoperception by both hypocotyl and cotyledons (4, 7) . As far as control by the fluence rate of white light is concerned, it is probable that elongation responses of the light-grown cucumber hypocotyl are governed, at least partially, by a BL photoreceptor (7, 8, 10 ), but it is not yet clear to what extent phytochrome also participates; nor do we know how far differences in phytochrome photoequilibria are involved in control by the light environment. In the case ofstems of several other species, it is well known that growth rates are controlled by both the photostationary state ofphytochrome and by fluence rate (8, 12, 13, 20, 24) . However, such examinations of the responses to these photobiological parameters have been performed using either: (a) light sources with no particular regard to the effect of the BL component (6, 12, 17, 19, 20, (3) . The work reported here is therefore the first which is directed towards the elucidation of the effects of 4 and fluence rate in a BL-sensitive plant but in the absence of BL. The mechanism of control of elongation by fluence rate via phytochrome is still unclear, the evidence so far perhaps indicating that phytochrome cycling may be important (27) . However, as another view holds that fluencerate dependence is due to a loss ofPfr by dark (thermal) processes (13) , we also examined the role of phytochrome cycling rate in fluence-rate dependent processes. A secondary issue relates specifically to the rapid response of the hypocotyl of light-grown Cucumis to BL, which apparently fails to induce a response characteristic of that to phytochrome, even though photoconversion might be caused by such a BL treatment (7) . It has been hypothesized (8) that the lack of response to conversion of phytochrome by BL might be due to a threshold requirement in Cucumis, and a detailed investigation of the response to X would reveal whether such a theory was tenable or not. In this paper, we examine these aspects of photocontrol by phytochrome and seek to clarify the role of this photoreceptor in the cucumber seedling's response to light. Table I ) prior to entering the growth chamber. Different fluence rates oflight were obtained at different positions in the cabinet and by the use of neutral density screens which did not alter the spectral photon distribution. The plants were placed in lines normal to the incident light beam. Blue light contamination (in the 300-to 500-nm range) in all light sources was estimated to be less than 1.5 x 10-4 ,mol m-2 s-' and was insufficient to cause hypocotyl inhibition (1) or phototropism (22) (20) and Holmes et al. (13) , and the term 0, is equivalent to their k,/(k, + k2).
MATERIALS AND METHODS
Additionally, the actual 4 in green plants may be lower than & due to preferential light absorption by Chl ( 13, 20) . (Fig. 1) Fluence-rate dependency has been considered in terms of phytochrome cycling rates (2, 15, 20, 23, 24, 27, 29) . Calculation ofthe data shown in Figure 1 in terms of cycling rate is presented in Figure 2 . Figure 1 , are again evident. When the response to kc at fixed cycling rates is derived from Figure 2 , the effect of changes in (b can be discerned more clearly (Fig. 3) . (Fig. 4) .
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where the constant a is 16 Correspondence between the value calculated from Eq. 1 (using the values for the constants as quoted) and the measured percentage inhibition. (Fig. 2) which operate only through phytochrome, for they occur in the absence of BL. In addition, such plants have strong responses to 4<, above a threshold value of 0.43 (Fig. 3) . It is noteworthy that between the two threshold values of Xc of 0.1 and 0.43, there is the unusual situation whereby only changes in cycling rate elicit a growth response (Figs. 2 and 3 ). In addition, we have previously found that the Pfr/Ptot ratio in BL measured in vivo in Cucumis is at maximum 0.4 (7, 10) which is the threshold value for response to Xc (Fig. 3) . This indicates that BL is incapable of photoconverting enough phytochrome to induce a strong response and would explain why long term Pfr-type responses are not produced by a BL pulse (7), i.e. the threshold theory (8) appears to be correct.
Threshold responses to kc have been reported previously in the control of hypocotyl elongation (13, 20, 27, 28) and other responses (21, 30) . Graded responses to Pfr/Ptot ratio have also been noted in several species (6, 13, 17, 19, 20, 27) . The two thresholds may represent two sites of Pfr action in cucumber, and once the second threshold (&c = 0.43) is exceeded the response becomes quantitatively different by varying continuously with Xc. At each site of phytochrome action cycling-ratedependent processes must also operate.
As the growth response of green cucumber seedlings varies with the logarithm of the fluence rate, the response would not appear to depend solely on differences in photosynthesis, as the latter varies directly with the fluence rate. Fluence-rate-dependent inhibition is also found even when the cotyledons are covered (using the method described in 4) indicating that photosynthetic activity of these organs (the major photosynthetic site) is not required. Photosynthesis does, however, contribute to the photoinhibition of elongation growth, since the inhibition is slightly reduced by DCMU; but we do not yet know the extent to which photosynthesis might be involved in the elongation response. Experiments with the herbicide norflurazon, which blocks carotenoid synthesis and produces bleached plants, do not clarify the role of photosynthesis in Cucumis. Such white Cucumis plants lack most of the response to red light, including the effect via the cotyledons, but this may be due to nonspecific damage as norflurazon greatly retards seedling growth and development even in darkness (10) . Nevertheless, inhibition in norflurazonbleached seedlings of other species is dependent on fluence rate, demonstrating that photosynthesis is not a primary part of the response (3, 20) .
The fluence-rate-dependence of hypocotyl inhibition must involve processes other than photosynthesis or the photoconversion of phytochrome to establish a particular photoequilibrium, as in these experiments the photoconversion was saturated before fluence-rate-dependency was tested. Cycling between the two forms of phytochrome has been suggested as a basis of fluence rate effects in photomorphogenesis (2, 14-16, 23, 24, 27, 29) . In the present experiments, the relationships between inhibition, X,, and fluence rate are clarified when the data are considered in terms of phytochrome cycling rate. Our findings differ from those for green Chenopodium rubrum in which inhibition varies with X between 0.2 and 0.77 at all cycling rates (20) . It is unclear if this difference is species dependent, if it is caused by screening by high concentrations of Chl and other pigments in Chenopodium, or if it results from the presence of BL in the experimental treatments employed. There are conflicting reports of whether (13) or not (27) [25] ) might be due to differences in cycling rate, as would also happen in nonvegetational shade. Vegetational shade will permit more growth because of reduced Xc and H, but when 0,* has fallen below 0.43 differences in cycling rate become the only controlling factor (Fig. 3) . However, these features will probably be modified by temperature changes (28) .
While perception by phytochrome-involving both ) and His important in responses to shade as outlined above, we note that a blue-absorbing receptor also has a key role. Indeed, since the regulation of hypocotyl elongation growth by a BL photoreceptor is much more sensitive to fluence rate from its threshold of 3 Mmol m-2 s-' to 220 ,umol m-2 s-' (10) this receptor, rather than phytochrome, might well be the dominant fluence-rate detector (7, 24) .
